Abstract: A newly developed facility at the 3 MV Tandem Accelerator at Dhaka for measurement of proton induced reaction cross sections in the energy region below 5 MeV is outlined and tests for the beam charac- Ni(p, x) 57 Ni were also measured from threshold to 16 MeV using the stacked-foil technique, whereby irradiations were performed with 5 MeV protons available at the Tandem Accelerator and 16.7 MeV protons at the BC 1710 cyclotron at Jülich, Germany. The radioactivity was measured using HPGe -ray detectors. A few results are new, the others strengthen the database. In particular, the results of the reaction nat Ni(p, x) 61 Cu below 3 MeV could serve as beam monitor.
Introduction
The use of low-energy charged particle accelerators ( ≤ 6 MeV) in nuclear research is of considerable significance, with regard to both fundamental nuclear investigations and to application-oriented studies. Regarding fundamental studies, experimental investigation of nuclear reactions is quite interesting, especially near their thresholds, where the theoretically calculated results have fairly large uncertainties due to uncertainties in the estimation of the relative contributions of the three competing processes, viz. scattering, Coulomb excitation and deep penetration. Due to the expected low cross section of the latter process, clean experiments are needed for an unambiguous identification of the reaction product. The results obtained should shed some light on reaction mechanisms and the data could be useful for radionuclide production.
We chose to study proton induced nuclear reactions on nickel. It is an important element from practical point of view, being used as a construction material in nuclear technology and as a target material in accelerator production of medical radionuclides. In its natural composition it consists of five stable isotopes, namely respectively. The measured excitation functions of those reactions have also been subjected to rigorous theoretical treatment (cf. [16] [17] [18] ) and recommended sets of cross section data have been reported. As far as measurements on nat Ni are concerned, several groups reported data over various proton energy ranges (cf. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] ). In particular, Amjed et al. [22] reported extensive experimental data and performed a thorough analysis of all the data. The information nat Ni available is useful for validation of data measured using enriched target isotopes, for application in thin layer activation analysis, and for use in monitoring of proton flux during an irradiation. Many of those data were obtained via excitation function measurements using the stackedfoil technique with the incident proton energy on the first foil around 18 MeV or higher. The energy incident on each back foil of the stack was obtained by absorption calculations. Although in recent years adjustment of incident energies on back foils could be done using monitor foils rather successfully, it appears worthwhile to perform some measurements in the low-energy region (below 6 MeV) using a well-defined beam from a low-energy accelerator.
A 3 MV Tandem Accelerator (High Voltage Engineering Europa B.V.) was recently installed within the AERE Campus, Savar, Bangladesh. It delivers protons of energies < 6 MeV. So far it has been successfully used for analytical work, mainly using the particle induced X-ray emission (PIXE) technique [31] . Now it has been adapted to measure also nuclear reaction cross sections. In this paper we describe the irradiation facility, the characterization of the available beam and the validation of the measured data by comparison with the well-established excitation function of the 64 Ni(p, n) 64 A beam profile monitor and a Faraday cup are also installed in the beam line to tune the beam before entering the experimental chamber. At the back of the chamber another wide and deep Faraday cup is installed to measure the beam current. The sample wheel is also connected to the current integrator in that Faraday cup. A voltage of −60 V is applied both at the entrance of the chamber and at the entry of the Faraday cup, whereas +60 V is applied at the sample wheel and the Faraday cup to suppress the secondary electrons.
Before irradiation the beam current was measured by the second Faraday cup. After reaching a constant value of 100 nA, the sample was moved to the proper position in the proton beam line and irradiated. During the irradiation the beam current was registered by charge collection.
Beam characterization
The energy of the extracted particle beam is given by the accelerator parameters. Special attention was paid to all three beam parameters, viz. shape, energy and intensity, which are very important in nuclear reaction cross section measurements. The beam shape was checked by the irradiation of a filter paper. A dark spot of about 5 mm diameter was observed which showed that the beam is focused and it is centric. The primary proton energy was checked by a comparison of activation products 63 Zn/ 65 Zn. The method involves a comparison of the normalized activities of two different threshold reaction products induced in a monitor foil [4, 32] . For this purpose a thin Cu foil (∼ 10 μm thick) was placed in front of a target and irradiated with protons. The activities of the two products, viz.
63 Zn ( 1/2 = 38.47 min) and 65 Zn
( 1/2 = 244.93 d), were determined by -ray spectrometry using a high-resolution HPGe detector, and normalized for the cross section and the irradiation-time dependent saturation factor. Therefrom the ratio of the activities of 63 Zn/ 65 Zn was obtained. The ratio was also calculated theoretically from the IAEA recommended excitation functions of the two relevant reactions, namely a comparison of the experimentally obtained and theoretically calculated ratio, the average energy of the proton beam within the first foil was deduced. A typical result is shown in Figure 2 . The energy deduced in this way For 4.62 MeV irradiation a thin foil was used and for the 5.02 MeV irradiation a thicker foil.
Proton flux measurement
The proton beam flux was measured by charge integration before reaching the target. The beam flux effective in the target was determined using the
65 Zn monitor reaction induced in the mounted Cu-foil. The two flux values agreed within 6%.
Stack irradiation
For cross section measurements of proton induced reactions on nat Ni below 6 MeV, three stacks of foils were prepared. Each stack consisted of several 10 μm thick Ni foils (Goodfellow: purity 99.95%) with one (10 or 25 μm thick) Cu foil (Goodfellow: purity > 99%) placed in front to monitor the proton flux. The primary energy of protons falling on each stack was 5.02 MeV. The duration of irradiation was between 20 and 60 min. The beam energy degradation along the stack was calculated using the computer program based on the energy-range relation described by Williamson et al. [34] .
Measurements at BC 1710
For studying proton induced reactions in the higher energy range up to 16 MeV, irradiations were carried out at the Baby Cyclotron (BC1710) of the Forschungszentrum Jülich, Germany. A newly developed target system and the quality of the available beam have been recently described [35] . For measurements on nat Ni, two stacks were irradiated.
Each stack consisted of about 15 Ni foils of different thicknesses, with a few Cu foils (as monitors) and a few Al foils (as absorbers) interspersed in between. The duration of each irradiation was 10 min and the proton beam current was about 1 μA. It was determined exactly via the above nat Ni 
Measurement of radioactivity
The radioactivity of a reaction product in the activated foil was measured nondestructively using HPGe detector -ray spectrometry. The details on detectors and data analysis programs have already been reported [36] [37] [38] . Particularly, the activity measurement of the short-lived to PTB Braunschweig. The decay data of the investigated radionuclides were generally taken from the LUND/LBNL database [39] and are given in Table 1 . Only in the case of 64 Cu the intensity of the weak 1345.8 keV -ray was taken from Reference [40] .
Calculation of cross section
The count rate of each product radionuclide was extrapolated to the end of bombardment (EOB) and it was converted to decay rate by applying the usual corrections, like the intensity of the -ray used, the efficiency of the detector, etc. From the decay rate and proton flux determined via monitor reaction, the radionuclide production cross section was calculated using the well-known activation equation. The overall uncertainty in the cross section was obtained by a quadratic summing of the individual uncertainties involved in all parameters needed to calculate the cross section. The sources of uncertainties are given in Table 2 . In general, the overall uncertainties associated in measured cross sections are between 7 and 15%. Number of target nuclei <
Results and discussion
The nuclear reaction cross section data measured in this work are summarized in Tables 3 and 4 , listing the results of measurements done at the tandem accelerator and the BC 1710 cyclotron, respectively. The estimated uncertainties in the effective proton energies and the measured cross sections are also given. A detailed discussion on the formation of each investigated radionuclide is given in the following sections. 3.1 64 Ni(p,n) 64 
Cu reaction: Validation of experimental techniques
This reaction was investigated to validate our results, i.e. to demonstrate that the projectile energies and fluxes were accurately determined and the radioactivity of the product was properly assayed. We chose this reaction because of two reasons: a) The target nuclide 64 Ni is the heaviest of all the stable Ni isotopes so that the product of the (p, n) reaction, i.e. 64 Cu, cannot be formed from any other target isotope. Although 64 
Ni in
nat Ni is only 0.926% (see above), the result can be unambiguously extrapolated to 100% enrichment.
b) This reaction has been thoroughly investigated by a large number of groups [1, 3, 5, 6, 10, 19-27] and a very critical standardization and evaluation of all the data has been performed [16] .
A comparison of our experimental values with the recommended values should therefore vividly reveal the degree of agreement or deviation. All the literature data, normalized to -ray intensities in Table 1 and to 100% enrichment of 64 Ni, are shown in Figure 3 together with the evaluated and recommended curve by Aslam et al. [16] . The data obtained in the present work are also given. The agreement between our data and the evaluated curve over the whole investigated energy range is quite good. With regard to work done at the BC 1710, the authenticity of the measured data was already demonstrated (cf. [41] ) and the present results confirm it. To show the reliability of the present measurements done at the tandem accelerator, we plot our data below 6 MeV (obtained both at tandem and BC 1710) on an expanded scale in Figure 4 together with the evaluated curve [16] and the more recent data by Adam Rebels et al. [10] . The results from the TENDL-2014 library [42] are also shown. An excellent agreement between our tandem data and the evaluated curve gives high confidence to our measurements; it demonstrates that the various techniques used in the determination of the experimental data at the tandem accelerator are reliable. The results also show that the agreement between the experiment and the global calculation reported in TENDL-2014 is not very satisfactory. A more rigorous calculation involving some target nucleus-specific parametrization, such as the one done in Reference [16] , gives better agreement. 
nat Ni(p,x) 60 Cu reaction
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This work (BC 1710)
Adam Rebeles et al. [10] Avila-Rodriguez et al. [8] Szelecsényi et al. [6] Sevior et al. [1] Blaser et al. [19] Tanaka et al. Figure 4: Excitation function of the 64 Ni(p, n) 64 Cu reaction near its threshold region. The cross section value at the lowest energy given in Reference [10] is erroneous because it is below the threshold energy. keep the dead time below 5% and to avoid the random sum-coincidence losses. The results are shown in Figure 5 together with the literature data. Whereas measurements by Barrandon et al. [21] , Al-Saleh et al. [29] and Amjed et al. [22] were performed on nat Ni, the data reported by Tanaka et al. [27] and Levkovskij [3] nat Ni. Furthermore, the data by Levkovskij [3] were reduced as suggested by Takács et al. [43] .
A factor of 0.82 was used as recommended by Qaim et al. [44] to normalize the monitor cross section used by Levkovskij. In Figure 5 the spline fitted curve [22] and the theoretical data from the TENDL-2014 library [42] are also shown. Our data agree with the spline fit. The results obtained in this work are shown in Figure 6 together with earlier reported measurements and the results from TENDL-2014 library. A number of authors have reported data on this reaction [2, 5, 6, 17, 19-24, 27, 29, 30] . reaction, the measured cross section is rather low and a very careful experiment was necessary for this measurement by irradiation of samples at the tandem accelerator. These results are thus being reported for the first time.
nat Ni(p,x) 61 Cu reaction
nat Ni(p,x) 55 Co reaction
Our results are shown in Figure 7 together with the literature values. Since the radionuclide Our data are close to the spline fit given by Amjed et al. [22] .
the excitation function and show an energy shift of about 1.5 MeV in the rising part of the excitation curve. Our measured data agree well with the spline fit given by Amjed et al. [22] .
nat Ni(p,x) 57 Co reaction
The excitation function for the formation of 57 Co in the interaction of protons with nickel of natural isotopic composition is shown in Figure 8 . The available literature values [22, 23, 25, 26, [28] [29] [30] 10 MeV the data reported by Al-Saleh et al. [29] are shifted towards higher energy. The data obtained by using enriched 58 Ni [9] were normalized to nat Ni. Those data refer only to the contribution of the (p, 2p) reaction and are therefore not shown in Figure 8 . From the shape of the excitation curve given in Figure 8 it is obvious that the low energy part up to 10 MeV is determined by the 60 Ni(p, ) 57 Co reaction whereas beyond 10 MeV the other two processes contribute strongly. The TENDL-2014 data [42] reproduce the experimental curve quite well. Figure 9 together with the available literature values [7, 22, 29] which are rather discrepant in the low energy region. As shown in Figure 9 , Amjed et al. [22] reported data which can be categorized into three series. The series with the lowest values is consistent with our data but the other values appear to be overestimated and are not comparable to this work. Sudár et al. [7] 
nat Ni(p,x) 57 Ni reaction
Our results given for this reaction in Table 4 are very consistent with the standard data for this reaction published by the IAEA [34] . This fact confirms again that the experimental parameters, i.e., the detector efficiency curve, the beam current, the beam incident energy etc., used in the determination of cross section data at BC 1710 are reliable.
Conclusion
A new facility has been constructed at the 3 MV Tandem 
